particularly relevant to nanoscale substrates, where the curvature is appreciable on molecular length scales. For example, solid domains consisting of narrow stripes radiating outward from a circular core have been observed in diverse systems, such as phases on lipid vesicles (17) and metal coatings on nanoparticles (14) . Our analysis suggests that the width of the stripes and the core size should be determined by the interplay among curvature, elasticity, and bulk energy. A similar interplay may affect the assembly pathways of viral capsids. Recent in vitro experiments (26) show that capsids can assemble following a two-step mechanism analogous to our crystallization process: The capsid proteins first attach to a substrate (an RNA molecule) and then bind together into an ordered shell. The intermediate states of this process-long a subject of speculation (11)-might contain voids that, like those in our curved crystals, help the capsids avoid excess elastic stress (27, 28) .
Similar rules may govern other crystallization and packing problems where global geometry is incompatible with local lattice packing. For example, crystallization of tetrahedra is frustrated in flat (Euclidean) 3D space (6) . However, logs and helices of tetrahedra are prevalent in first-order phase transitions of tetrahedra from disordered to dense quasicrystalline phases (7) . The existence of these structures, which were first described by Bernal (29) , may reflect a similar physical principle, in which growth along one dimension allows a crystal to escape the restrictions of geometrical frustration. Evaluating conflicting theories about the influence of mountains on carbon dioxide cycling and climate requires understanding weathering fluxes from tectonically uplifting landscapes. The lack of soil production and weathering rate measurements in Earth's most rapidly uplifting mountains has made it difficult to determine whether weathering rates increase or decline in response to rapid erosion. Beryllium-10 concentrations in soils from the western Southern Alps, New Zealand, demonstrate that soil is produced from bedrock more rapidly than previously recognized, at rates up to 2.5 millimeters per year. Weathering intensity data further indicate that soil chemical denudation rates increase proportionally with erosion rates. These high weathering rates support the view that mountains play a key role in global-scale chemical weathering and thus have potentially important implications for the global carbon cycle.
Rapid Soil Production and
P late tectonics has long been thought to influence climate through links among rock uplift, relief generation, erosion, silicate weathering, and CO 2 cycling (1, 2). Determining the form of the functional relationship between hillslope erosion and weathering rates is critical for understanding how or if mountains influence global weathering budgets and climate [3] [4] [5] [6] . Current models predict that soil weathering is supply-limited and dependent on the supply of fresh minerals when erosion rates are low, but that weathering becomes increasingly kinetically limited as erosion rates increase, due to reduced mineral residence times in the soil (3) (4) (5) . However, there are few observational constraints on soil production and soil weathering rates in Earth's most rapidly uplifting mountains, and it is unclear whether chemical weathering rates continue to increase or decline as erosion rates increase beyond about 100 metric tons km
) (6). We determined soil production and catchmentscale denudation rates by measuring concentrations of in situ-produced 10 Be in soil and sediment, respectively, and inferred chemical denudation rates using Zr mass balance (7) in the western Southern Alps of New Zealand (Fig. 1) . The study sites are located east of the Alpine Fault, where rock uplift, exhumation, and erosion rates reach 10 mm year −1 (8-11) and watershed-scale weathering fluxes are extremely high (12) . Mean annual precipitation exceeds 10 m year
, supporting dense temperate montane rainforest and subalpine shrub ecosystems that grow on <1-m-thick soils formed from highly fractured schist (13) (14) (15) .
Soil production rates on ridgetops range from 0.1 to 2.5 mm year −1 and decline exponentially with increasing soil thickness at two of the three sites with a sufficient number of samples (n ≥ 5) to define a regression relationship ( Fig. 2A) . The form of these exponentially declining soil production functions is consistent with those determined for other landscapes (16) . However, comparison with data compiled from sites worldwide indicates that soil production rates in the western Southern Alps reach levels more than an order of magnitude greater than measured elsewhere (Fig. 2B) , demonstrating that soil production can play a far greater role in mountain denudation than previously documented.
Chemical depletion fractions increase with soil thickness (Fig. 2C ) and decline with increasing soil production rates (Fig. 2D) , which is consistent with declining soil residence times that models predict at high denudation rates (3) (4) (5) and measurements from the San Gabriel Mountains (17) . However, the high P values preclude concluding that the regression slopes are significantly different from zero. Thus, weathering may be supply-limited at the very high denudation rates we observe. Regardless of whether the chemical denudation data conform to supply-or kinetically limited weathering, the chemical denudation rates inferred from the Zr and 10 Be data increase linearly with physical erosion rates (Fig. 2E) . Comparison of our soil chemical denudation rates against a compilation of worldwide data indicates that soil chemical denudation rates in the western Southern Alps are the highest values yet determined, and the power-law scaling exponent of~1.0 indicates that chemical denudation rates increase linearly as erosion rates increase by nearly three orders of magnitude (Fig. 3A) . The relationship between soil chemical denudation and physical denudation rates observed in the western Southern Alps is consistent with data from more slowly eroding landscapes (18) and extends the range of soil production rates over which weathering and denudation rates increase in proportion to one another to much higher values than previously recognized. If the relationship becomes nonlinear or reverses to an inverse correlation, as predicted by several models (3) (4) (5) , it does so at rates higher than we observe in the western Southern Alps. Hence, our findings do not support the view that mountains are inefficient sites for weathering because of "speed limits" to soil production and chemical denudation (19) ; values from the western Southern Alps break the proposed speed limits for both soil production and soil weathering. 10 Be concentrations in sediment indicate that total denudation rates for watersheds in the western Southern Alps range from 1 to 9 mm year −1 (Fig. 1) . Small catchments that drain areas within 1 to 2 km of the Alpine Fault have the lowest denudation rates of 1 to 2 mm year
is consistent with crustal velocity fields predicted by simple shear deformation (20) and vertical deformation measured by global positioning systems (21) .
The maximum soil production rate that we measured in the western Southern Alps equals or exceeds denudation rates for the more slowly eroding watersheds. However, for a given catchment, soil production rates are a fraction of the catchment-averaged denudation rates. Hillslopes below the tree line in the western Southern Alps have very little bedrock exposure, even though soil production rates are lower than catchmentaveraged denudation rates. The landscape maintains a soil mantle because the return interval for landslides, which must account for the balance of catchment-averaged denudation not attributable to soil production (10), is long enough at any point on the landscape that soils develop between failures (22) . The soil-mantled hillslopes and high soil production rates in the western Southern Alps indicate that, contrary to previous suggestions (23) , hillslopes are not necessarily stripped of soil at high uplift rates. Although strong evidence for a transition from soil-mantled to bedrock hillslopes exists for the San Gabriel Mountains (22, 24) , mean annual precipitation in the San Gabriel Mountains is an order of magnitude lower than in the western Southern Alps. We suspect that the emergence of bare bedrock hillslopes in tectonically active landscapes is modulated in large part by climate, with soil production able to proceed at higher rates in wetter, and thus more vegetated, regions, such as our study area.
The high mean annual precipitation promotes rapid leaching (14) and supports high annual vegetation productivity (25) , which we suggest, along with pervasively fractured bedrock, contribute to the high soil production rates that we observe. The primarily biotic driver of soil production is vegetation, because burrowing mammals, which contribute to soil production in other landscapes (16) , are not endemic to New Zealand. Coarse and fine roots readily penetrate bedrock by exploiting foliation planes and fractures generated by tectonics (15) and erosional unloading ( fig. S1 ). Root expansion in fractures, especially foliation planes within a few cm of the soilbedrock interface, likely plays a key role in converting rock to soil, both by physically breaking rock and by enhancing chemical weathering through organic acid production and increased subsurface CO 2 concentrations.
The high soil production rates in the western Southern Alps are consistent with estimated soil residence times of only a few centuries (14) and rapid weathering and leaching (26) documented at other sites on the South Island's west coast. Soil production rates also increase with watershedscale denudation rates, as observed in more slowly eroding landscapes (22) . Soil production rates have not been measured in other mountains undergoing uplift rates comparable to those in the western Southern Alps. However, in the Taiwan orogen, hillslopes are soil-mantled even though landslides-which primarily mobilize soil-erode the landscape at rates >2 mm year −1 (27) . Similarly, hillslopes in the Tsangpo Gorge of the eastern Himalaya are soil mantled, despite erosion rates >4 mm year −1 (28) , suggesting that soil production rates in other landscapes are also sufficiently rapid that hillslopes are not stripped to bedrock, despite high rates of rock uplift and erosion. Global river solute and sediment yield data (29) demonstrate that catchment-averaged chemical denudation rates span a similar range of values as global soil chemical denudation rates, although the power-law scaling exponent less than unity differs from the soils data (Fig. 3B) . River solute data indicate that catchment-scale chemical denudation rates in the western Southern Alps are of the same magnitude as soil chemical denudation rates. However, chemical denudation accounts for <5% of catchment-scale denudation (12, 30) . Similarly, the mean soil chemical denudation rates that we determined are 1 to 7% of the 10 Be-based total denudation rates determined for each watershed, whereas mean chemical denudation is 16 to 32% of the soil production rate at each of the ridgetop sites. The differing ratio of chemical to total denudation rates observed for soils versus catchments is likely due to a high proportion of unweathered rock in the debris delivered to rivers by landslides. A more detailed geochemical budget is required to assess weathering fluxes from deep bedrock (6) and landslide-affected terrain (31), but if soil dynamics at the sites we sampled are at least broadly representative of those occurring throughout the landscape, our results suggest that soil weathering may be an important contributor to the high weathering flux in the western Southern Alps (12, 30, 32) .
The high denudation rates in the western Southern Alps are consistent with global fluxes determined using river load data, which demonstrate that young, wet mountains make up only 14% of the ocean-draining land area but account for 62% of sediment, 38% of total dissolved solid, and 60% of dissolved silica delivered to Earth's oceans (29) . Hillslopes in rapidly uplifting mountains appear to bypass the hypothesized weathering speed limit because high rates of orographic precipitation support ecosystems that physically break up rock and promote weathering and leaching, allowing rapid soil production to contribute to the high orogen-scale weathering fluxes. 
